Professor David A Price Evans (Liverpool)
The Hydroxylation of Drugs -A Phti Problem? [Summary] Drugs can be hydroxylated at a variety of chemical sites. Illustrative drugs are phenylbutazone, antipyrine, dicumarol, diphenylhydantoin (DPH) and nortriptyline.
Twin studies indicate (1) genetic control of the metabolism of the first three drugs, and (2) that there may be a correlation between the plasma half-lives of phenylbutazone and dicumarol, possibly due to a common control of their metabolism (Vesell & Page 1968a, b) . In a family described by Kutt et al. (1964) defective hydroxylation of DPH seems to be inherited as a mendelian character.
Hydroxylations of drugs take place mainly in hepatic endoplasmic reticulum (which yields microsomes on homogenization). Microsomal hydroxylases are 'inducible', i.e. their activity can be markedly increased by administration of 'inducing' (de-repressing) chemicals such as phenobarbitone and insecticides.
The interplay of environmental and genetic influences can thus be examined by studying drugs which are metabolized by liver microsomal systems, e.g. hydroxylases.
Profesor Werner Kalow (Department ofPharmacology, University ofToronto, Toronto, Ontario, Canada) M at H erthermia Malignant hyperthermia, sometimes called hyperpyrexial syndrome, or hyperpyrexia, is a rare complication of anesthesia (Britt & Kalow 1968 ).
Thanks to the efforts of Dr Beverley A Britt in the Department of Pharmacology in Toronto, despite their rarity, well over a hundred cases have been recorded. Information on 65 of these has been analysed and compiled to form the basis of this report. The following case history is typical:
Case 1: A 4-year-old girl was to have orthopedic surgery. Anmsthesia was induced with nitrous oxide, oxygen and halothane. Four minutes after induction, a normal child's dose of succinylcholine was injected intravenously to facilitate intubation. Within 30 seconds a sustained generalized contraction of all skeletal muscles occurred. Additional succinylcholine was injected in attempts to overcome the spasm, but this made the rigidity worse. With some difficulty it was possible to open the jaw and intubate the patient. Anmsthesia was maintained with oxygen and halothane. Seventy minutes after induction, rectal temperature was recorded as 104°F (40°C). Ten minutes later it was found to be 107-4°F (41-90C). Vigorous cooling led to a lowering of body temperature. Perhaps this was the breaking of a vicious circle. Two and a half hours after the beginning of anesthesia, muscle tonus had returned to normal. The patient survived.
Individual cases may deviate from that pattern. In particular, it is not always that rigidity and hyperthermia are noticed together. In a few cases absence of rigidity has been reported specifically. In others, the antsthetist may have overlooked or not reported a modest rigidity. Often enough, rigidity is present but not very pronounced.
There were a few patients with two independent hyperthermic episodes indicating a predisposition of the patient. Our initial data suggested the occurrence of this predisposition only in cases with rigidity, and only these cases with rigidity showed a family history. However, the increased collection of data during the last year does not permit one to maintain this strict division between rigid and non-rigid cases.
Of the 65 cases of malignant hyperthemia for which there are reasonable records, rigidity has been observed in 41. Electrophysiological data on the rigidity are not yet available, so there is no direct evidence to show whether rigidity is of neurogenic or myogenic origin. Some surgeons who have performed cardiac massage in dying patients gained the impression that the heart is also developing stiffness.
A constant biochemical feature of the syndrome is a pronounced metabolic and respiratory acidosis. Even over-ventilation did not overcome the respiratory acidosis. It is likely that correction of this acidosis by infusion of alkali is, together with vigorous cooling, one of the important measures of therapy. Numerous additional symptoms have been described here and there. Their importance is still hard to assess. Clotting defects and myoglobinuria deserve special attention.
Information on all agents to which the patients were exposed has been collected as far as possible. Some patients who entered hospital for orthopedic surgery had no drug therapy prior to hospitalization so that there is no reason to search for a culprit among drugs outside the realm of anesthesia. The selection of sedatives given to patients pre-operatively does not show any remarkable trend, and appears to reflect the use of pre-operative sedatives in general. The same seems to be true of other pre-anesthetic medication which usually involves atropine or a congener, and of the inducing agent which frequently is sodium thiopentone. However, there is no -doubt that halothane may cause malignant hyperthermia. Table 1 shows that other anus- thetic agents can do the same. The data suggest that patients on halothane, methoxyflurane or ether survive less often than those exposed to other agents or vapour combinations, but this trend is not statistically significant. Some reports stress the causative role of succinylcholine but this syndrome can be initiated in the complete absence of any muscle relaxants. The data on succinylcholine are shown in Table  2 . There is a total of 10 cases which became rigid without ever having been exposed to succinylcholine. This fact was brought home early to us when, in the Hospital for Sick Children in Toronto, a girl showed hyperthermia and rigidity which was then ascribed to succinylcholine. The procedure was repeated in the girl under omission of succinylcholine, but hyperthermia and rigidity recurred. The only difference was the speed of onset of the rigidity. The girl was rigid immediately after injection of succinylcholine, while without succinylcholine the rigidity developed gradually over a considerable period of time. Thus succinylcholine served only as a trigger.
However, we do not know whether succinylcholine without any general aneesthetic would be able to elicit the syndrome.
If one reads all the reports it is rather typical that the failure of succinylcholine to produce relaxation causes the anesthetist to give a second injection and only then does the rigidity become obvious to him. The rigidity cannot be overcome by other muscle relaxants, such as d-tubocurarine.
Pethidine and nitrous oxide, with or without use of local anisthetics, have been given to affected patients with impunity. However, I have been informed by personal letter of a case which suggests that a hyperthermic reaction occurred after use of a large dose of local anesthetic for infiltration.
Incidence and Heredity
A controlled study from the Hospital for Sick Children in Toronto suggests an incidence of roughly 1 in 10,000 or at least greater than 1 in 100,000. The incidence is the same in both sexes. The syndrome has not been observed in infants and children below the age of 3 (Table 3) . However, almost a quarter of all cases occurred prior to the 5th year of life, and a third of all cases during the first decade of life. Ten per cent have been above the age of 40. There is no explanation for the decreased incidence with advancing age.
Of the 65 cases which Dr Britt has been able to analyse, 43 are familial. In other words, there is a substantial number of sporadic cases but in many of these one could not expect to see familial occurrence, even if it were hereditary. We know of 8 separate families with multiple occurrences. The Canadian Anwesthetists' Society Journal ran, in 1966, an issue which contained case descriptions from several centres in Canada. It is tragic that in spite of this documentation, sibs of 2 of the patients described subsequently had fatal reactions. The first pedigree was published by Denborough et al. (1962) . In this family, 38 members were known to be at risk. There were 11 people affected, of whom 10 died. More recent data collected in Wisconsin involved well over 1,000 related people in a farming community (Britt et al. 1969) . Of 116 persons in this family receiving an aneesthetic, 20 showed a hyperthermic reaction, and 8 anesthetics were fatal.
Malignant hyperthermia is hereditary in all or at least a substantial number of cases. The pattern of inheritance within affected families suggests dominant inheritance. There is, as one might expect, some skipping of generations, and there is some indication of familial differences in the severity of the syndrome. Nevertheless, one cannot exclude the possibility that there are cases without hereditary predisposition, and that malignant hyperthermia could be a syndrome resulting from more than one defect.
knvestations and Speculations
Some weeks ago an affected person, a survivor of a hyperthermic episode, volunteered in Toronto for some experiments:
Coo 2: Smel doses of succinylcholine were injected into the brachial artery of the patient and of a control subject during electromyographic recording, and tenmerature probes in the form of thin needles were placed into the flexor muscles of the forearm.
An injection of 0 1 mg succinylcholine had practically no effect in the control subject, while the patient had so much fasciculation and discomfort that we never dared to increase the amount to more than 02 mg, which caused him considerable pain. The recording showed a spontaneous activity, and a modest reduction of the response to ulnar nerve stimulation. With the control subject, a similar fasciculation and inhibition required the injection of 1 mg, that is 5 times the dose. The muscle temperature of the patient rose by 0-1°F (0 06QC) while there was no rise in the control subject. The patient received a total of 0 7 mg of succinylcholine. Ten minutes after the procedure, that is, about 12 o'clock, the patient had normal body temperature. An hour later he felt uncomfortable and had almost 1VF (0560C) rise of body tenperature. The episode seemed to be over in the aftemoon, but between 7 and 8 p.m. the temperature suddenly rose to above 101°F (383°C). The patient was carefully checked for signs of infection: none was found. Leukocyte count was normal, and there was no bacteriemia.
In view of these temperature fluctuations, we were hesitant to attribute the rise to the minimal dose of succinylcholine the patient had received, yet in the absence of any other explanation the data call for extreme caution, if any other experimental procedure is to be performed.
T'he nate of the defect is not known, but the circle of possible causes is narrowing.
The lesion must be in the muscle rather than in the central nervous system. Strong evidence is the failure of d-tubocurarine to relieve the spasm. This means the lesion must be distal to the neuromuscular end-plate. The fact that succinylcholine triggers the syndrome suggests peripheral action since succinylcholine does not readily cross the blood-brain barrier. Satnick (1969) described a case in which a tourniquet was placed over the arm when the first signs of rigidity appeared. The ann remained flaccid when the rest of the body became rigid. The patient died. A smooth transition from rigidity into rigor mortis would hardly be possible without a peripheral lesion. Finally, a centrally produced hyperpyrexia is not associated with the kind of rigidity observed in these patients.
Some years ago, it was suggested that halothane may uncouple oxidative phosphorylation, and thereby initiate hyperthenria. This suggestion was based on experimental data of questionable pertinence. In our studies the course of dinitrophenol poisoning in animals did not resemble malignant hyperthermia in man in respect to temperature rise, rigidity or susceptibility to succinylcholine. Most recently, Wang et al. (1969) calculated the caloric requirements if body temperature rises by 2°F (1-1°C) per hour. They thought to exclude the uncoupling of oxidative phosphorylation as the cause of malignant hyperthermia, on the basis of that calculation.
A high level of plasma potassium has been reported in most cases with rigidity whenever it has been investigated. Since there are exceptions hyperpotassemia is probably a consequence rather than a cause of rigidity. Furthermore, we have investigated sodium and potassium transport in erythrocytes of affected persons, and found no difference from the normal controls.
In hereditary myotonia dystrophica, succinylcholine has caused muscle contraction (Cody 1968) , but this contraction was as short-lived as succinylcholine itself, and did not last much more than a couple of minutes. In malignant hyperthermia, succinylcholine triggers something which persists long after the drug must have been destroyed; that is, the cholinesterase in plasma was normal in all cases we could investigate. Thus, on the basis of the pharmacological evidence, one cannot equate the two conditions. In the hope of being able to investigate muscle of patients, biopsy specimens of normal human muscle were exposed to various antsthetics in vitro. Halothane caused an increased twitch response to direct stimulation.I In the best preparations the standard response was increased by a factor of three. It is remarkable that this effect could not be reproduced in any other species of laboratory animal, ranging from rats to dogs. I suspect that we have here a species difference in regard to excitation-contraction coupling. Whether this has anything to do with malignant hyperthermia is unknown. However, it is obvious that halothane is capable of affecting human muscle in a way which needs close investigation.
